mm m 

PHYSIOLOGY 



ORIGINAL RESEARCH ARTICLE 

published; 25 February 2014 
doi; 10. 3389/fphYS. 2014.00046 




Heart rate variability in patients being treated for dengue 
viral infection: new insights fronn mathennatical correction 
of heart rate 

Robert Carter III * Carmen Hinojosa-Laborde and Victor A. Convertino 

U.S. Army Institute of Surgical Research, Fort Sam Houston, TX, USA 



Edited by: 

Jerzy Saciia, Regional Medical 
Center in Opole, Poland 

Reviewed by: 

George E. Blllman, The Ohio State 
University, USA 
Jerzy Sacha, Regional Medical 
Center, Poland 

*Conespondence: 

Robert Carter III, Research Division, 
US Army Institute of Surgical 
Research, 3698 Chambers Pass, 
JBSA Fort Sam Houston, TX 78234, 
USA 

e-mail: robert.carter422.mil@ 
mail.mil 



Introduction: Severe dengue hemorrhagic fever (DHF) is a viral infection that acts to 
increase permeability of capillaries, resulting in internal hemorrhage. Linear frequency 
domain Fourier spectral analysis represents the most published noninvasive tool for 
diagnosing and assessing health status via calculated heart rate variability (HRV). As 
such, HRV may be useful in assessing clinical status in DHF patients, but is prone to 
erroneous results and conclusions due to the influence of the average HR during the time 
period of HRV assessment (defined as the "prevailing" HR). We tested the hypothesis 
that alterations in HRV calculated with linear frequency analysis would be minimal when 
mathematically corrected for prevailing HR following dengue viral infection. 

Methods: Male (N = 16) and female (A/= 11) patients between the ages of 6 months 
and 15 years of age (10 ± 6 SD years) were tracked through the progression of the 
dengue viral infection with treatment following the abatement of a fever (defervescence). 
Electrocardiographic recordings were collected and analyzed for HRV. 

Results: High frequency (HF), low frequency (LF), and LF/HF ratio were unaffected by 
correction for prevailing HR. 

Conclusion: HRV corrected for changes in HR did not alter the interpretation of our data. 
Therefore, we conclude that cardiac parasympathetic activity (based on HF frequency) is 
responsible for the majority of the HR reduction following defervescence in patients with 
dengue viral infection. 

Keywords: dengue hemorrhagic fever, heart rate variability, high power frequency, parasympathetic nervous 
system, autonomic balance 



INTRODUCTION 

Heart rate variability (HRV) represents a noninvasive "vital sign" 
that can be easily calculated in real-time from the R-to-R interval 
of the electrocardiogram (EGG). Low HRV has been recognized 
as reflecting more severe pathophysiology as reported in IGU 
patients (Winchell and Hoyt, 1996; Grogan et al., 2005; Morris 
et al, 2006; Norris et al, 2008; Ryan et al, 2008), experimental 
human models of hemorrhage (Gonvertino et al, 2008; Gooke 
et al., 2008; Ryan et al., 2010), and following injury in trauma 
(Gooke et al, 2006a,b; Gancio et al, 2008; Ong et al, 2008; King 
et al., 2009), while high HRV has been used as an indication 
of improved health. However, these reported results were based 
on linear analyses of HR calculated in the time and frequency 
domains. Importantly, linear frequency analysis of HRV is signif- 
icantly affected by both physiological and mathematical factors 
as a result of the nonlinear relationship between R -R intervals 
and HR (Sacha and Pluta, 2005). As such, the use of HRV met- 
rics to provide an accurate assessment of the effectiveness in the 
treatment of hemorrhage relies on the assumption that the math- 
ematical influence of is the average HR during the time period 
of HRV assessment [defined as the "prevailing" HR] on HRV is 
not present or has been corrected. This assumption is reason- 
able when HR is not different between clinical populations of 
comparison or over time in the same patient population. But in 



the absence of mathematical adjustment of differences in HR by 
dividing R-R intervals by the corresponding average R-R, accurate 
interpretation of changes in HRV may be severely compromised 
(Sacha and Pluta, 2005, 2008; Billman, 2011, 2013b; Sacha, 2013; 
Sacha et al, 2013a,b). 

Severe dengue hemorrhagic fever (DHF) is a viral infec- 
tion that acts to increase permeability of capillaries, resulting in 
internal hemorrhage. The diagnosis and management of dengue 
vascular permeability syndrome has been one of the greatest 
challenges over the past fifty plus years since dengue shock syn- 
drome was first described (Gohen and Halstead, 1966; Halstead 
et al., 1970). Since HR decreases from the time of patient hospital 
admission to the time of discharge (Yacoub et al., 2012), we con- 
sidered the potential use of HRV with confounding changes in HR 
as an opportunity to determine the usefulness of HRV to assess 
the effectiveness of in-hospital treatment and to provide clearer 
insight into the physiology underlying the association of changes 
in HR with the recovery from DHF. 

In the present investigation, we had the unique opportunity 
to monitor R-to-R interval measurements from patients with 
dengue viral infection during their hospitalization in order to 
capture HRV during the progression of the disease and treatment 
following the day of the abatement of a fever (defervescence). This 
approach provided the opportunity to assess the mathematical 
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influence of HR on HRV in a patient population with inter- 
nal hemorrhage by comparing linear measures of HRV with and 
without mathematical correction as a potential indicator of the 
effectiveness of treatment. Although Sacha and co-workers (Sacha 
and Pluta, 2005, 2008; Sacha et al, 2013b) have recently exam- 
ined the relationship between average HR and indices of HRV 
under baseline conditions and compared methods to correct HRV 
for HR, the effects of HR on HRV during dengue fever (DF) 
disease progression and treatment remained to be determined. 
We hypothesized that alterations in HRV calculated with lin- 
ear frequency analysis would be minimal or eliminated when 
mathematically corrected for changing HR under these unique 
conditions. 

MATERIALS AND METHODS 

Male {N = 16) and (N = 11) female patients between the ages 
of 6 months and 15 years of age (10 ± 6 SD years) who were 
admitted to the Queen Sirikit National Institute of Child Health 
(QSNICH) with fever and suspected dengue were eligible for 
enrollment. Exclusion criteria for the study included known 
chronic conditions (e.g., liver and renal disease, malignancy, 
thalassemia). Informed consent from a parent or guardian was 
provided for all study procedures. The study was approved by the 
hospital Institutional Review Board, the Thai Ministry of Public 
Health, the US Army Surgeon General, and the University of 
Massachusetts Medical School. In order to track the progression 
of the dengue viral infection with treatment following deferves- 
cence, we used data collected on days 0 (defervescence), 1, and 
2. Day 0 ranged from 0 to 3 days (mean 1 ± 0.9 SD days) fol- 
lowing admission to the hospital. All data used in this study were 
collected in the morning (07.00-10.00) while patients were in the 
supine position (i.e., hospital bed). 

Electrocardiographic recordings were collected in using a 
Nexfin (BMEye, Amsterdam, the Netherlands) at a sampling rate 
of 1000 Hz and exported at a rate of 200 Hz to a computer-based 
data acquisition software package (WinDAQ, Dataq Instruments, 
Akron, OH). The ECG waveforms were imported into data anal- 
ysis software (WinCPRS, Absolute Aliens, Turku, Finland) using 
a Labview application for automatic R-wave detection. Due to the 
200-Hz sampling rate, a smoothing filter of a 5-point running 
average was applied to the ECG data to provide clear peaks for 
R-wave generation. This filter application produced 0.5-1.0 s of 
data to be cut from each of the ECG waveforms. All signals were 
manually scanned for noise and missing R-wave detection. ECG 
recordings were discarded if they contained less than five minutes 
of data, more than one ectopic beat during any 5-min time span, 
or contained electromechanical noise or interference. Aberrant 
beats in the ECG recording were interpolated, most occurring 
from calibration or patient movement. 

HRV measurements were assessed with analysis of R-R inter- 
vals (the time between the two successive R waves in ECG) 
using frequency domain methods obtained from 300-s con- 
tinuous recordings with the least amount of aberrant beats. 
Using WinCPRS software, the following metrics were obtained 
according to a previously described approach (Ryan et al., 2010) 
RRI, heart rate (HR), RRI low frequency power (LF), RRI high 
frequency power (HE), and LF/HF ratio. However, HRV measure- 
ments have been shown to be significantly associated with HR 



due to both physiological and mathematical reasons. In order to 
remove mathematical bias from our HRV calculations, we used 
the HR correction methodology previously described by Sacha 
et al.(Sacha and Pluta, 2005; Sacha, 2013; Sacha et al, 2013a). 
Removal of this mathematical bias was achieved by the divi- 
sion of the SD of R-R interval (RRSD) by average R-R interval 
and HRV indices (LF and HF) by the average R-R interval (in 
seconds) squared. Corrected LF/HF ratio was calculated from 
corrected LF and corrected HF. After this initial mathematical 
correction was made, the relationships between resting HR and 
HRV indices (SD of R-R interval, LF variability, and HF vari- 
ability) were evaluated by linear regression analysis. The resulting 
coefficient of determination (r^) value (i.e., = 0.38) from the 
regression analysis was interpreted as the % change in HRV due to 
the prevailing HR. All reported coefficients of determination cor- 
respond to the RRSD/HR relationship. Therefore, comparison of 
-values before and after mathematical correction for prevailing 
HR, allowed for tracking of how prevailing HR influenced HRV 
during dengue viral infection. All data are presented as mean ± 
SD. An ANOVA with repeated measures was used for comparison 
between fever days. 

RESULTS 

The comparison of corrected and uncorrected HRV parameters 
following defervescence is presented in Table 1. By day 2, HR 
decreased from 98 ±12 to 81 ±9 beats per minute and RRI 
increased from 623 ± 73 to 750 ± 78 ms. Uncorrected HF and 
LF variability increased on Day 2 while LF/HF ratio decreased 
{P < 0.001). After correction for prevailing HR, corrected HF 
and LF variability were still increased, and LF/HF ratio was still 
decreased {P < 0.001) each of the 2 days following defervescence 
(Table 1). At defervescence (Day 0), HR accounted for ~40% 
(r^ = 0.38) of the variability (based on RRSD/HR relationship) 
before correction for HR and ~30% (r^ = 0.28) of the vari- 
ability after correction for HR (normalized unit following HR 
correction). By Day 2 prevailing HR accounted for ~7% prior to 
application of HR correction and less than 1% after correction. 

To compare the absolute changes in HRV between Day 0 
and Days 1 and 2 in a quantitative fashion, changes in HRV 
indices were calculated as percent changes (Table 2). Application 
of HR correction did not influence the interpretation of HF, LF, 
and LF/HF ratio on days 1 and 2. Specifically, uncorrected HF 
increased by 424 ± 120% and corrected HF increased by 377 ± 
134% on day 2 (p = 0.45). By day 2, uncorrected LF increased by 
425 ± 83% and corrected LF increased slightly less to 327 ± 96% 
(P < 0.05). 

DISCUSSION 

In general, alteration in HRV offers a clinically useful and 
quantifiable measure of alteration in the physiologic state of the 
human body. The most published HRV assessment technique for 
diagnosing infection is the frequency domain Fourier spectral 
analysis. This method; however, may be prone to erroneous 
results and conclusions from data due to the influence of prevail- 
ing HR. We demonstrated that the HR correction methodology 
used in this study was an effective way to examine HRV alter- 
ations and autonomic balance, independent of prevailing HR. 
The following indices of HRV were determined: ( 1 ) vagal cardiac 
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Table 1 | Heart rate variability indices with and without correction for prevailing HR. 



Uncorrected 


RRI (ms) 


(HR to RRSD) 


HR (b/min) 


HF (ms^) 


LF (ms^) 


LF/HF 


Day 0 


623 ± 74 


0.38* 


98 ± 12 


194 ±495 


249 ± 381 


8.2 ± 9.6 


Day 1 


707 ± 86 


0.34 


87 ± 11 


405 ± 571 


622 ± 751 


4.1 ± 4.5 


Day 2 


751 ± 78* 


0.07* 


81 ± 9* 


824 ± 1146* 


1060 ± 1052* 


2.4 ±2.0* 


Corrected 




r2 (HR to RRSD) 


HR (b/min) 


HF 


LF 


LF/HF 


Day 0 




0.28 


98 ± 12 


0.0003 ± 0.0008 


0.0005 ±0.0007 


8.2 ± 9.6 


Day 1 




0.19 


87 ± 11 


0.0007 ± 0.0009 


0.001 ± 0.001 


4.1 ±4.5 


Day 2 




0.004* 


81 ± 9* 


0.0014 ±0.0019* 


0.002 ± 0.001* 


2.4 ±2.0* 



'Note that HR accounted tor 38% (r^ = 0.38) of the vanability before correction for HR and 28% (r^ = 0.281 following HR correction. 
* Denotes significant differences between Day 0 and Day 2. Values are presented as mean ± SD. 



parasympathetic activity as HF component of R-R interval 
variability (HF, 0.15-0.40 Hz), (2) LF component (0.04-0.15 Hz), 
and LF/HF ratio. The interpretation of LF/HF ration as a marker 
of autonomic balance has been recently questioned (Billman, 
2013a,b) and has been shown to reflect major parasympathetic 
activity (~50%) and some sympathetic activity (Randall et al., 
1991). 

The present study investigated the effects of HR responses in 
dengue viral infected patients on HRV with and without correc- 
tion for the baseline HR. Our major findings are (1) correcting 
HRV did not affect the direction of change in HRV parameters 
and (2) correcting HRV allowed for more accurate assessment 
of possible sympathetic (SNS) and parasympathetic nervous sys- 
tems (PSNA) contributions to HRV. While we hypothesized that 
alterations in HRV would be minimal when corrected for prevail- 
ing HR, our data suggest that there is an autonomic regulatory 
basis for the HRV alterations observed with dengue viral infec- 
tion independent of the influence of HR. HRV uncorrected and 
corrected for changes in HR revealed that cardiac parasympa- 
thetic activity likely plays major role of the HR changes following 
defervescence. 

La-Orkliun et al. (2011) assessed HRV as an index of auto- 
nomic function in patients with DF, and found no significant 
changes in various time and frequency domain metrics of HRV 
at least 24 h after defervescence and follow-up conducted at least 
14 days after defervescence. Since monitoring was performed 2 
weeks after hospital discharge, it is unlikely that changes in HRV 
during the critical phase of illness would have been detected in 
their study. As such, we are the first to report HRV analysis in 
patients during in- hospital treatment for dengue viral infection 
that demonstrated significant reductions in HRV. 

Several studies have examined the usefulness of HRV analysis 
for early diagnosis and prognosis of viral infections, particu- 
larly in neonates and infants at risk of developing septic shock 
(Griffin and Moorman, 2001; Griffin et al, 2004, 2005). In their 
studies, it was reported that abnormal HR with reduced variabil- 
ity and transient decelerations preceded neonatal/infant sepsis. 
In a study on 81 patients, Chen and Kuo showed that septic 
patients who subsequently developed shock had lower LF/HF 
ratio with respect to patients who did not develop sepsis (Chen 
and Kuo, 2007). In our study, the LF/HF ratio showed a progres- 
sive reduction during recovery from dengue infection (Table 1) 
with and without HR correction. While, it has been suggested the 



Table 2 | Percent changes in HRV parameters following Day 0 
(defervescence) with and without HR correction. 

Day 1 Day 2 

Uncorrected % Corrected % Uncorrected % Corrected % 

HF 209 ±43 189 ± 76 424 ± 120 377 ± 134 

LF 249 ± 90 237 ± 74 425 ± 83 327 ± 96* 

LF/HF ratio 50 ± 34 50 ± 34 29 ± 23 29 ± 23 

'Denotes significant differences In uncorrected and corrected. 

decreases in LF/HF ratio correspond to shift toward parasympa- 
thetic dominance (Eckberg, 1997), autonomic balance has been 
recently interrogated (Billman, 2013b). These adjustments in 
autonomic regulation are consistent with our observations in 
the HR response and RRI returning toward baseline values with 
in-hospital resuscitative treatment in DHF patients. 

After correction for prevailing HR, LF variability was still 
significantly increased (both P < 0.01) on day 2 following defer- 
vescence. Furthermore, when corrected for prevailing HR, the 
percent change in LF variability was slightly reduced from uncor- 
rected values of 425% to corrected values of 327%. Houle and 
Billman ( 1999) and co-workers demonstrated that the LF compo- 
nent of the HR power spectrum probably results from an interac- 
tion of the sympathetic and PSNA and, as such, does not precisely 
reveal changes in the sympathetic activity (Randall et al., 1991). 
These data further support our interpretation that reductions in 
HR following defervescence are mediated by increased cardiac 
parasympathetic activity and not reductions in sympathetic drive. 

In conclusion, we showed that uncorrected and corrected HRV 
does not alter the interpretation of the potential contributions 
of parasympathetic and sympathetic activity in patients with 
dengue viral infection during their hospitalization. Additionally, 
HRV uncorrected and corrected for changes in HR suggest that 
cardiac parasympathetic activity plays an important role in HR 
changes following defervescence. Furthermore, the HR correc- 
tion methodology employed in this study provided a unique 
opportunity to delineate the physiological changes in HR during 
treatment of dengue viral infection. 

DISCLAIMER 

The opinions or assertions contained herein are the private views 
of the author and are not to be construed as official or as reflecting 



www.frontiersin.org 



February 2014 | Volume 5 | Article 46 | 3 



Carter et al. 



HRV in patients witli dengue 



the views of the Department of the Army or the Department of 
Defense. 

ACKNOWLEDGEMENTS 

The authors acknowledge the Dengue Hemorrhagic Fever Project 
Team at the Armed Forces Research Institute of Medical Sciences 
(AFRIMS) for data collection, the guidance and assistance of the 
medical staff at Queen Sirikit National Institute of Child Health, 
and the Telemedicine & Advanced Technology Research Center, 
Fort Detrick, Maryland for funding this effort. 

REFERENCES 

Billman, G. E. (2011). Heart rate variability — a historical perspective. Front. 
Physiol. 2:86. doi: 10.3389/fphys.2011.00086 

Billman, G. E. (2013a). The effect of heart rate on the heart rate vari- 
ability response to autonomic interventions. Front. Physiol. 4:222. doi: 
10.3389/fphys.2013.00222 

Billman, G. E. (2013b). The LF/HF ratio does not accurately measure cardiac 
sympatho-vagal balance. Front. Physiol. 4:26. doi: 10. 3389/fphys. 2013. 00026 

Cancio, L. C, Batchinsky, A. 1., Salinas, J., Kuusela, T. A., Convertino, V. A., 
Wade, C. E., et al. (2008). Heart-rate complexity for prediction of prehos- 
pital lifesaving interventions in trauma patients. /. Trauma 65, 813-819. doi: 
1 0. 1097/TA.ObO 1 3e3 1 8 1 84824 1 

Chen, W. L., and Kuo, C. D. (2007). Characteristics of heart rate variability can 
predict impending septic shock in emergency department patients with sepsis. 
Acad. Emerg. Med. 14, 392-397. doi: 10.1197/j.aem.2006.12.015 

Cohen, S. N., and Halstead, S. B. (1966). Shock associated with dengue infec- 
tion. I. Clinical and physiologic manifestations of dengue hemorrhagic fever 
in Thailand, 1964. /. Pediatr. 68, 448-456. doi: 10.1016/S0022-3476(66) 
80249-4 

Convertino, V. A., Ryan, K. L., Rickards, C. A., Salinas, J., McManus, J. G., Cooke, 
W. H., et al. (2008). Physiological and medical monitoring for en route care of 
combat casualties. /. Trauma 64, S342-S353. doi: 1 0. 1097/TA.ObO 1 3e3 1 8 16c82f4 

Cooke, W. H., Rickards, C. A., Ryan, K. L., and Convertino, V. A. 
(2008). Autonomic compensation to simulated hemorrhage moni- 
tored with heart period variability. Crit. Care Med. 36, 1892-1899. doi: 
10.1097/CCM.0b013e3181760d0c 

Cooke, W. H., Salinas, J., Convertino, V. A., Ludwig, D. A., Hinds, D., 
Duke, J. H., et al. (2006a). Heart rate variability and its association with 
mortahty in pre-hospital trauma patients. /. Trauma 60, 363-370. doi: 
10.1097/01.ta.0000196623.48952.0e 

Cooke, W. H., Sahnas, J., McManus, J. M., Ryan, K. L., Rickards, C. A., Holcomb, 
J. B., et al. (2006b). Heart period variability in trauma patients may predict 
mortality and allow remote triage. Aviat. Space Environ. Med. 77, 1 107-1 1 12. 

Eckberg, D. L. (1997). Sympathovagal balance: a critical appraisal. Circulation 96, 
3224-3232. doi: 10.1161/01. CIR.96.9.3224 

Griffin, M. P., Lake, D. E., and Moorman, J. R. (2005). Heart rate character- 
istics and laboratory tests in neonatal sepsis. Pediatrics 115, 937-941. doi: 
10.1542/peds.2004-1393 

Griffin, M. P., and Moorman, J. R. (2001). Toward the early diagnosis of neona- 
tal sepsis and sepsis-like illness using novel heart rate analysis. Pediatrics 107, 
97-104. doi: 10.1542/peds.l07.1.97 

Griffin, M. P., O'shea, T. M., Bissonette, E. A., Harrell, F. E. Jr., Lake, 
D. E., and Moorman, J. R. (2004). Abnormal heart rate characteris- 
tics are associated with neonatal mortality. Pediatr. Res. 55, 782-788. doi: 
10.1203/01.PDR.0000119366.21770.9E 

Grogan, E. L., Norris, P. R., Speroff, T, Ozdas, A., France, D. J., Harris, P. A., et al. 
(2005). Volatility: a new vital sign identified using a novel bedside monitoring 
strategy./. Trauma 58, 7-14. doi: 10.1097/01.TA.0000151179.74839.98 

Halstead, S. B., Nimmannitya, S., and Cohen, S. N. (1970). Observations related 
to pathogenesis of dengue hemorrhagic fever. IV. Relation of disease severity to 
antibody response and virus recovered. Yale J. Biol. Med. 42, 31 1-328. 

Houle, M. S., and Billman, G. E. (1999). Low-frequency component of the heart 
rate variability spectrum: a poor marker of sympathetic activity. Am. J. Physiol. 
276, H215-H223. 

King, D. R., Ogilvie, M. P., Pereira, B. M., Chang, Y., Manning, R. J., Conner, 
J. A., et al. (2009). Heart rate variability as a triage tool in patients with 



trauma during prehospital helicopter transport. /. Trauma 67, 436-440. doi: 
10. 1097/TA.ObO 1 3e3 1 8 lad67de 

La-Orkhun, V, Supachokchaiwattana, P., Lertsapcharoen, P., and 
Khongphatthanayothin, A. (2011). Spectrum of cardiac rhythm abnor- 
malities and heart rate variability during the convalescent stage of dengue 
virus infection: a Holter study. Ann. Trop. Paediatr. 31, 123-128. doi: 
10.1 179/14653281 1 1Y.0000000008 

Morris, J. A. Jr., Norris, P. R., Ozdas, A., Waitman, L. R., Harrell, F. E. Jr., WiUiams, 
A. E., et al. (2006). Reduced heart rate variability: an indicator of cardiac uncou- 
pling and diminished physiologic reserve in 1,425 trauma patients. /. Trauma 60, 
1165-1173. discussion: 1173-1174. doi: 10.1097/01.ta.0000220384.04978.3b 

Norris, P. R., Anderson, S. M., Jenkins, J. M., Williams, A. E., and Morris, 
J. A. Jr. (2008). Heart rate multiscale entropy at three hours pre- 
dicts hospital mortality in 3,154 trauma patients. Shock 30, 17-22. doi: 
10.1097/SHK.0b013e318164e4d0 

Ong, M. E., Padmanabhan, P., Chan, Y. H., Lin, Z., Overton, J., Ward, K. R., 
et al. (2008). An observational, prospective study exploring the use of heart 
rate variability as a predictor of clinical outcomes in pre-hospital ambu- 
lance patients. Resuscitation 78, 289-297. doi: 10.1016/j.resuscitation.2008. 
03.224 

Randall, D. C, Brown, D. R., Raisch, R. M., Yingling, J. D., and Randall, W. C. 
(1991). SA nodal parasympathectomy delineates autonomic control of heart 
rate power spectrum. Am. J. Physiol. 260, H985-H988. 

Ryan, K. L., Rickards, C. A., Ludwig, D. A., and Convertino, V. A. (2010). 
Tracking central hypovolemia with EGG in humans: cautions for the use 
of heart period variability in patient monitoring. Shock 33, 583-589. doi: 
10.1097/SHK.0b013e3181cd8cbe 

Ryan, K. L., Rickards, C. A., Muniz, G. W, Moralez, G., and Convertino, V. A. 
(2008). Interindividual variability in heart rate variability (HRV) and complex- 
ity (HRC) measurements. FASEB J. 22, 1229.3. 

Sacha, J. (2013). Why should one normalize heart rate variability with respect to 
average heart rate. Front. Physiol. 4:306. doi: 10.3389/fphys.2013.00306 

Sacha, J., Barabach, S., Statkiewicz-Barabach, G., Sacha, K., Muller, A., Piskorski, 
J., et al. (2013a). How to strengthen or weaken the HRV dependence on 
heart rate-description of the method and its perspectives. Int. J. Cardiol. 168, 
1660-1663. doi: 10.1016/j.ijcard.2013.03.038 

Sacha, J., Sobon, J., Sacha, K., and Barabach, S. (2013b). Heart rate impact on the 
reproducibility of heart rate variability analysis. Int. J. Cardiol. 168, 4257-4259. 
doi: 10.1016/j.ijcard.2013.04.160 

Sacha, J., and Pluta, W. (2005). Different methods of heart rate variability analysis 
reveal different correlations of heart rate variability spectrum with average heart 
rate./. Electrocardiol. 38, 47-53. doi: 10.1016/j.jelectrocard.2004.09.015 

Sacha, J., and Pluta, W. (2008). Alterations of an average heart rate change heart 
rate variability due to mathematical reasons. Int. J. Cardiol. 128, 444-447. doi: 
10.1016/j.ijcard.2007.06.047 

Winchell, R. J., and Hoyt, D. B. (1996). Spectral analysis of heart rate variabil- 
ity in the ICU: a measure of autonomic function. /. Surg. Res. 63, 11-16. doi: 
10.1006/jsre.l996.0214 

Yacoub, S., Griffiths, A., Chau, T. T, Simmons, C. P, Wills, B., Hien, T T, et al. 
(2012). Cardiac function in Vietnamese patients with different dengue severity 
grades. Crit. Care Med. 40, 477^83. doi: 10.1097/CCM.0b013e318232d966 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 20 December 2013; accepted: 24 January 2014; published online: 25 February 
2014. 

Citation: Carter R III, Hinojosa-Lahorde C and Convertino VA (2014) Heart rate 
variability in patients being treated for dengue viral infection: new insights from math- 
ematical correction of heart rate. Front. Physiol. 5:46. doi: 10.3389/jphys.2014.00046 
This article was submitted to Clinical and Translational Physiology, a section of the 
journal Frontiers in Physiology. 

Copyright © 2014 Carter, Hinojosa-Lahorde and Convertino. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms. 



Frontiers in Physiology | Clinical and Translational Physiology 



February 2014 | Volume 5 j Article 46 | 4 



